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ABSTRACT 

The problem of distortion due to welding has been the subject of continuous 
research since the early days of ship construction. The control of distortion in welded 
structures through preventive and corrective procedures is generally well established. 
However, as with most engineering problems, there are "rules— of— thumb" knowledge, 
or heuristics, which streamline the design process and enhance the performance of the 
final product. Those rules— of— thumb are usually known to a few experts who, through 
their own personal involvement and experience over the years, have accumulated 
considerable knowledge in their field. 

This thesis proposes to demonstrate the feasibility of implementing such 
knowledge in a knowledge— based environment. The preliminary design of such a 
system for the minimization of distortion in welded structures is presented through its 
development phases. The specific areas of "out-of-plane" and "buckling" distortions 
are considered. The report consists of three major parts. 

• Part I describes the distortion problem, the selected tools for its analysis 
and the current procedures for its prevention and correction; 

• Part II introduces the concepts inherent in knowledge-based systems 
and their applications in the fields of structural design and welding; and 

• Part III presents the preliminary design of DISCON (for Distortion 
CONtrol) which includes the derivation of functional specifications as 
well as a suitable architecture for implementation. 
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CHAPTER 1. INTRODUCTION 



1.1 Background 

An important technical problem associated with welding fabrication is that 
related to distortion. The intense heat produced during welding causes transient 
thermal stresses in regions near the heat source. When welding is complete, residual 
stresses remain and various types of distortion are produced. These stresses and 
distortions translate into defects which then require corrective action or rework. 
Within the context of shipyard operations, increased productivity would result 
subsequent to resolution of this problem. 

From the viewpoint of structural designers and welding engineers, control of 
these imperfections is a major concern because of the adverse effects they have on the 
load— carrying capacity of welded structures. There appears to be, however, little 
evidence of distortion analysis in the design stage of structural component fabrication. 
Moreover, as indicated by numerous investigations into shipyard operations, distortion 
is usually considered "after the fact" when welding is complete and corrective measures 
are required. It is often the case that shipyard production shop personnel will avoid 
the time consuming task of applying post— weld correction techniques and select the 
option of welding a new structure instead. It would seem reasonable to focus our 
strategy on preventive techniques rather than rely on a purely corrective approach 
which, from a cost standpoint, is unacceptable. In this context, it is suggested that an 
integration of the welding distortion problem be implemented early in the structural 
design stage. 

Knowledge about distortion is largely restricted to the research and academic 
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institutions and is rarely considered by designers and fabrication specialists for that 
reason. The problem of distortion is not amenable to simple accuracy— control 
techniques; it is known to be determined by material selection, heat distribution and 
residual stress distribution. It is therefore somewhat predictable or deterministic. If 
an extensive effort could be made to codify heat distortion prediction and minimization 
so that it can readily be used as a design and production tool, then shipyards would 
witness significant reduction in rework— type costs. 

Considerable information on the topic of distortion has been accumulated over 
the years in relation to welded structures. Professor K. Masubuchi’s book entitled 
Analysis of Welded Structures [30] is the most detailed and comprehensive document 
covering the issues of residual stresses, distortions and their consequences. Although 
much of the knowledge on this subject is expressed in algorithmic form (analytical 
models, finite element programs, etc.), knowledge is also available as experimental 
data (empirical knowledge) in the form of tables and graphs. Additionally, much of 
the information on distortion falls in the realm of experience, skills or "know-how;" 
this heuristic knowledge is generally unavailable to the public and is stored in the 
minds of "experts" in the field. 

During the last decade, considerable progress has been made in the 
development of systems which capture the knowledge of such experts. These Expert 
Systems, or Knowledge— Based Systems 1 , differ from the usual computer programming 
techniques in their ability to "reason" the solution to problems, and their capacity to 
handle incomplete knowledge. Most problems currently solved by computers have a 
purely algorithmic solution; the method of solving is well known and can be specified 
easily in a conventional programming language. Some problems, however, cannot be 
solved so easily. Many can be solved only by using heuristics, or rules of thumb. An 



^These two terms are used interchangeably. 
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example might be the integral of a complex equation for which the solution is not 
known. There is no well defined algorithm to determine which method to apply. 
Instead, the integration is performed using trial and error guided by the experience 
gained in doing previous integrations. It is this important characteristic of expert 
systems, that of including heuristics in the problem solving strategy, which results in 
their increased popularity. 

1.2 Thesis Outline 

The objective of this thesis is to demonstrate the feasibility of implanting 
knowledge about distortion in a knowledge— based system environment. The 
preliminary design of a consultation expert system for the minimization of distortion in 
welded structures is presented. DISCON , for Distortion Con trol, is a knowledge— based 
expert system which is intended to provide consultation services to design and 
fabrication engineers in the manufacture of welded structures with minimal distortion 
results. The system is designed to operate in two primary modes: 

• As a Design consultant, it advises designers on the optimum relationship 
between a panel structure’s geometry and its distortion result; 

• As a Fabrication consultant, given the optimum geometry selected, it 
advises of the pre— weld and post— weld techniques for reducing 
distortion. 

Because of their impact on both the shipbuilding and aircraft industries, the 
research focuses on the out— of— plane and buckling type distortions. Also, panel 
structures with longitudinal and/or transverse stiffeners are selected because of their 
widespread applications. 

The report consists of seven chapters. 

• Chapter one is the introduction. 
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• Chapter two describes the distortion problem; the areas of out-of-plane 
and buckling distortions, with their analysis tools and preventive and 
corrective techniques, are presented. 

• Chapter three describes the nature of the distortion knowledge, its 
characteristics and sources from which it is derived. 

• Chapter four discusses the need for knowledge— based systems as a viable 
environment for dealing with the issues of availability, systematization 
and prevention of distortion knowledge. 

• Chapter five consists of a general description of expert systems and their 
particular applications in the fields of structural design and welding. 

• Chapter six presents the preliminary design of DISCON, a 
knowledge— based system for the minimization of distortion. The design 
is carried through its development phases. Emphasis is placed on the 
derivation of the desired functional specifications, consultation logic and 
system architecture. 

• Chapter seven is the conclusion and recommendations for future 
research. 
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CHAPTER 2. THE DISTORTION PROBLEM 



The purpose of this chapter is to describe the distortion problem, its 
qualitative and quantitative characteristics. Its two most common forms, angular and 
buckling distortions, are presented in the context of both the design and fabrication of 
stiffened panel structures. The available analysis tools as well as the preventive and 
corrective procedures are delineated. 

2.1 Distortion and Residual Stresses 

The problem of distortion is related to the phenomenon of residual stress: the 
local nonuniform heating and cooling during welding creates complex thermal stresses 
and strains, leading eventually to residual stresses and distortion. These two 
phenomena are interrelated; a system of residual stresses may be modified or relaxed 
by permanent deformation or distortion [30]. On the other hand, any mechanical 
restraint imposed on free deformation of a welded joint affects the final state of 
residual stresses as well as the distortion. Residual stresses may be of yield point 
magnitude and when in service stresses are superimposed on residual stresses, local 
plastic flow and a small amount of permanent deformation will occur. If this condition 
is unacceptable within the finished tolerances of the structure, then corrective 
measures such as post— weld heat treatment will be needed to minimize the possible 
dimensional changes in service. In complex structures such as a ship, control of 
distortion during fabrication is important since major rework is normally needed to 
correct dimensions. The actual distortion is generally a combination of simple 
dimensional distortions such as angular, transverse, longitudinal and in many cases 
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buckling distortion. Consequently, any subsequent effort to minimize distortion is a 
difficult task at best and leads to excessive fabrication cost. Another problem area is 
the effect of distortion on the service performance and integrity of a welded structure. 
For instance, high residual tensile stresses in the region near the weld might induce 
brittle fracture, reduce the fatigue strength or accelerate stress corrosion cracking. 
Ironically, any repair work directed toward the elimination of weld defects often 
contribute to the distortion problem. 

As a general rule, there are three fundamental dimensional changes that occur 
during the welding process to cause distortion [30,36]: 

• angular distortion, characterized by rotation around the weld line; 

• transverse shrinkage, perpendicular to the weld line; and 

• longitudinal shrinkage, parallel to the weld line. 

It is the above dimensional changes which produce the various types of 
distortion encountered in the manufacturing world. There are, however, two types 
which are most frequently observed, both in the aircraft manufacturing and 
shipbuilding industries: these are angular (out-of— plane) distortion and buckling 
distortion. The latter is observed when fabricating thin plate structures of less than 
8 mm thickness [5], where the induced welding residual stresses cause the plate to 
buckle. When welding thick plate structures, the welding stresses cause angular 
distortion around the weld. Preventive measures can be applied to the structure prior 
to welding by presetting the joint either through elastic prestraining or plastic 
prebending techniques [30]. 

These two forms of welding distortions are analyzed in greater detail in the 
following section. 
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2.2 Out— of— Plane Distortion 

Distortions are attributed to the plastic flow phenomena which take place 
when a material is heated nonuniformly. Out— of— plane distortion is caused by angular 
changes about the weld line. As discussed in reference [30], panel structures with 
fillet-welded longitudinal and transverse stiffeners often exhibit this type of distortion. 

2.2.1 Influential parameters 

Figure 2.1 shows the panel deflection, <5, which occurs when a typical panel 
structure is Cllet-welded. 
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Figure 2.1: Distortion Due to Fillet Welds [30]. 

The amount of distortion observed is generally determined from the resulting 
interactions of the following parameters: 

(1) The heat input associated with the welding process: the greater the heat 
input, the greater the likelihood of distortion. 

(2) The degree of restraint in a structure: the amount of angular change in a 
restrained structure is smaller than that found in a free joint. 

(3) The plate thickness : this factor is related to the plate’s rigidity and 
Figure 2.2 describes, for a particular set of welding conditions, the 



relationship between plate thickness and distortion in a steel structure. 




Figure 2.2: Angular Change of a Free Fillet Weld in Steel Versus Plate Thickness [30]. 

Above a critical value of plate thickness (approximately 3/8 inch), for which 
distortion reaches a maximum, the angular change decreases as the rigidity of the plate 
increases. Below this critical thickness the angular change decreases because of the 
smaller temperature differential between the top and bottom surfaces [36]. 

(4) The plate free span between stiffeners: as the free span increases, the 
value of distortion tends to increase. 

(5) The size of fillet weld : reducing the size of fillet welds generally decreases 
the amount of distortion. Too little weld material, however, could affect 
in-service performance of the structure. Too much weld material could 
also significantly increase the overall structural weight to unacceptable 
levels (ship construction). 

Experimental results [36] indicate the greatest impact on out-of-plane 
distortion of a panel structure to be caused by plate thickness, stiffener spacing and 
fillet weld size; this tripartite relationship is illustrated in Figure 2.3. 

Additionally, out— of— plane distortion tends to reduce the buckling strength of 
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Figure 2.3 : Out Of Plane Distortion Tripartite Relationship 
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a panel; this condition could potentially affect the results of structural analysis 
performed prior to fabrication (i.e., in the design phase). It would appear reasonable, 
therefore, to include distortion analysis as early in the design process as possible. 

2.2,2 Analytical formulations 

It should be noted at this point that the interactions between these parameters 
are still not well understood. Analytical models developed at MIT [36] and elsewhere 
represent valuable tools for the evaluation of distortion. However, there still does not 
exist an accurate model which integrates these complex interactions. 

Still in use today are the relationships developed by Masubuchi et al. [30] 
which simplify the analysis by assuming a rigid— frame stress condition. If the 
distortion of all spans are assumed equal and the size of all welds are the same, the 
distortion, 5 , in the x-direction may be expressed as follows: 




where <j> = angular change at a fillet weld, (radians) 
a = length of span between stiffeners. 

The maximum distortion is observed at mid-span and has a value £ 0 such 

that, 




Introducing the value of angular change observed in a free joint (Figure 2.4), <J> 0 , and 
the plastic rigidity factor, D: 
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^ “ 1 + (2D/a)(l/C) >( radians ) 

where C is the coefficient of rigidity for angular change and is determined by 
welding conditions and plate thickness. 

Furthermore, the fillet size, Df, is related to the weight of electrode consumed per weld 
length, w (g/cm), as follows: 

w = [D’f/2] [p/tm] • 10-2 

where p = weld metal density 

rjd = electrode deposition efficiency. 

Df, the fillet size, is commonly used in design work, while w is determined 
experimentally. 




Figure 2.4: Angular Change of Free Fillet Weld [30]. 

The values of out-of-plane distortion as a function of plate thickness, span 
length and fillet weld size are shown in Figure 2.5 for both steel and aluminum 
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experiments. 

It should be pointed out that two-dimensional models for the analysis of 
out-of-plane distortion exist. These models use finite element methods and have been 
refined over the years providing better correlation with experimental results; Professor 
Masubuchi’s book details the use of these models and should be referred to for further 
study 1 . 

2.2.3 Distortion reduction techniques 

Several techniques are used in reducing out-of-plane distortion. They 

include: 

(1) Clamping of panels, particularly near the free edges. This is a type of 
external restraint often used in fabrication. The joint is usually welded under restraint 
and then the restraint is relaxed after welding is complete. Elastic prestraining and 
plastic prebending are two general restraining procedures used to reduce distortion. 

(2) Preheating. Preheating the back of the plate has been shown to be more 
effective than preheating the front of the plate. The "differential heating technique" is 
discussed in Masubuchi’s book. 

(3) Optimize the structure’s geometry with respect to plate thickness, 
stiffeners spacing and the fillet weld size. The relationship between these parameters 
was discussed earlier. 

(4) Select welding processes with less heat input. This can be done by 
controlling welding current and/or the travel speed. High travel speeds associated 
with the electron beam and laser welding techniques reduce distortion appreciably. 
Finer electrodes are preferred for lower travel speeds because of the smaller weld pool 
and the inherently lower heat input. Similarly, larger diameter electrodes should be 

l As will be seen in the design of DISCON’s consultation logic, the selection of the 
appropriate analysis model for the specific task is most important. 
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Figure 2.5: Out-of-Plane Distortion, <5 0 , As a Function of Plate 
Thickness, t, Span Length, a, and the Size of the Fillet Weld, Df, 
for Steel and Aluminum [30]. 
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used with high travel speeds to provide the weld material required. Also, electrode 
extension effects can be used to reduce the welding heat input [5]. 

2.2.4 Distortion correction techniques 

Again Masubuchi’s book describes several techniques for removal of distortion 
after welding has taken place: 

(1) Straightening techniques. The Plate is heated at selected points (spot 
heating) or along designated lines (line heating), and then is water-cooled. Other 
techniques such as pine-needle heating, cross— direction heating are also used. 

(2) Stress relieving techniques and the use of an electromagnetic hammer are 
also used extensively. Discussion of these techniques is available in reference [30] for 
details. 

2.3 Buckling Distortion 

2.3.1 Effects of kev parameters 

When welding thin plates, the residual stresses resulting from the process can 
cause the plate to buckle. This occurs under three circumstances [30]: 

(1) The actual welding heat input exceeds a critical value determined by 
plate thickness and free span length. 

(2) The plate thickness is below a critical value determined by heat input 
and length of free span. 

(3) The length of free span exceeds a limit determined by heat input and 
plate thickness. 

Figure 2.6 shows the tripartite relationship just discussed. A similarity 
between influential parameters can be made between out— of— plane and buckling 
distortion. However, the critical parameter in the buckling distortion analysis is the 
heat input; residual stresses are equally important and are related to it. But because 
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Figure 2.6 : Buckling Distortion Tripartite Relationship 
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heat input is a welding process parameter, its effect on buckling of thin plates is easier 
to observe and measure experimentally. 

2.3.2 Critical heat input estimation 

Experimental results clearly indicate the existence of a critical buckling heat 
input for a given test condition. Figure 2.7 indicates that the critical buckling heat 
input decreases as plate thickness decreases and the free span increases. 




Figure 2.7: Relationship Between Heat Input and Deflection [30]. 

Experimental results obtained at Kawasaki Heavy Industries, Japan, for specimens 
tested under various conditions [29] provide a conditional relationship for the 
occurrence of buckling distortion: 

H cr = (a) > Approximately 4 * 10 5 cal/cm 3 
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where H cr is called the critical heat input index and a is the span length, t the 
plate thickness. Q C r is the critical heat input for welding and is matched against the 
anticipated heat input to be used for welding. The heat input is calculated by using 
the simple relation: 

Q = — y - , where V = voltage 

I = amperage 
v = arc travel speed. 

2.3.3 Buckling distortion reduction techniques 

For a given structure, there exists a critical buckling load which is normally 
identified in the structural analysis portion of the design. The key for reducing this 
type of distortion is to keep welding stresses below this level. Several options are 
available: 

(1) Minimize residual stresses formed during welding by controlling the 
in— process parameters, specifically heat input. This is done by welding less, applying 
less heat, controlling the travel speed or removing the heat produced by using backing 
plates, chill bars or water cooling techniques. 

(2) Use well documented stretching and heating techniques, such as those 
developed at Kawasaki Heavy Industries and described in Masubuchi’s book: 

(i) SS method — straightening by stretching 

(ii) SH method — straightening by heating 

(iii) SSH method - straightening by stretching and heating. 

This chapter was intended to familiarize the reader with the problem of 
distortion through the examples of out— of— plane and buckling distortions. This 
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introduction is necessary, if anything, to point out the following: 

• Distortion is a complex problem, not easily modeled with current 
techniques of analysis; 

• This complexity issue requires us to narrow the domain of analysis to the 
study of specific types of distortion (i.e. , out— of— plane and buckling) for 
which considerable experimental— type knowledge is available; 

• There is a clear relationship, in the case of panel structures, between a 
structure’s geometry (e.g., plate thickness, stiffeners spacing), the 
conditions under which it is welded and their effects on distortion. 



CHAPTER 3. THE NATURE OF DISTORTION 

KNOWLEDGE 



The types of knowledge which characterize the distortion domain need to be 
identified before a knowledge representation formalism can be selected. Perhaps this 
process can best be highlighted by describing a scenario in which the various 
components of that knowledge are articulated; the scenario is that of the design and 
fabrication of a panel structure which includes distortion in its analysis. 

3.1 Scenario 

The design begins by considering the particular loading conditions the 
structure is likely to encounter; these are determined from either previous similar 
designs or the requirements of a particular operating environment. These loads may be 
independent or combined. The materials to be used are selected on the basis of their 
metallurgical and physical properties such as ductility, yield without fracture 
characteristics, etc. The knowledge of the failure mechanisms is established and 
analyzed. An initial structural configuration is chosen and accompanied by its 
preliminary sizing. The tools for structural analysis such as numerical analysis 
techniques, finite element programs, stress-strain curves and analytical models are 
selected and tailored to the problem. Also, the constraints imposed through codes and 
regulations (e.g., ABS rules, etc.) are included in the analysis. For example: 

The stiffness on a plate subjected to combined loading shall be designed to 

resist a destabilizing axial load defined by: 

N x = Jx (A + St) + Ctst 

where Q = d— .2, but not less than 0 and not greater than 1.0 [10]. 
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Then, the stress and strength analysis are performed on the preliminary 
structure using the available tools. Given a set geometry, in itself an output of the 
structural analysis described above, a distortion analysis is made with assumptions 
about welding processes anticipated in the fabrication stage. Based on empirical and 
analytical knowledge, approximate values of distortion are derived and matched 
against standards of allowable deformation. If acceptable, the geometry is fixed and a 
fabrication methodology is invoked. In this fabrication stage a welding procedure is 
written which includes specifications of the welding method, welding process, etc. To 
reduce the possibility of out-of-plane distortion, a clamping technique is used because 
the angular distortion of a fillet weld decreases as the degree of restraint increases, and 
the induced distortion is reduced. This is true because of the following relationship. 



The welding parameters specified in the welding procedure have causal effects 
on distortion. Because a lower heat input generally translates into a weld with less 
distortion, processes such as electron beam and laser welding should be considered. 
Also, in the selection of electrodes, those with a large diameter generally results in less 
shrinkage. 

Welding takes place by attempting to control those welding parameters which 
affect distortion and weld quality; these are amperage and travel speed, all related to 
heat input. When welding and cool-down take place, the structure is inspected for 
defects. If distortion is detected and found to be unacceptable, then various correction 




where D is the plate rigidity and § is 
the angular change of a fillet weld. 
<f) 0 is its value in a "constrained-free" 
condition. 
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techniques, discussed in Sections 2.2 and 2.3, are applied as necessary to avoid rework. 

Although procedural by design, the above scenario illustrates how different 
types of knowledge are put together to design and fabricate a particular structure. A 
more detailed breakdown is necessary. 

3.2 Types of Distortion Knowledge 

3.2.1 Declarative knowledg e 

This category is also referred to as factual knowledge and contains the 
following: 

• facts about objects, such as a description of the elements which make up 
a stiffened panel structure: "A stiffened panel structure is composed of a 
base plate, transverse and longitudinal stiffeners." 

• facts about events, such as those derived from a particular experiment: 
" The results obtained during the experiment conducted by the MIT 
welding research group indicated that serious distortion problems were 
encountered during welding fabrication of aluminum structures using 
plates thinner than 8 mm." 

• facts about situations, such as the following statement about the 
reasoning behind the process of stiffening a plate: 11 The designer stiffens 
thin plate structures in order to impart structural stability and rigidity 
and in order to avoid global buckling collapse." 

3.2.2 Procedural knowledge 

This type of knowledge is common and most prevalent in the techniques used 
in reducing and correcting distortion. As an example: "In the prestraining method of 
clamping, the clamps hold only the bottom plate tips to the table. The round bar is then 
placed under the plate along the longitudinal centerline (weld line) to induce a reverse 
curvature counteracting the out-of-plane distortion caused by welding." 
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Procedural knowledge is also included in the methodology used in designing 
DISCON: " Before a knowledge representation scheme can be selected, it is necessary to 
first break down the distortion problem into smaller components and identify the types of 
knowledge which characterize distortion 

3.2.3 Causal knowledge 

It establishes the cause and effect relationship between the relevant 
parameters. The effect of heat input on buckling distortion can be expressed as 
follows: " Increasing heat input beyond a critical value will cause buckling distortion to 
occur in thin plate structures." or " When welding thick plate structures, the welding 
residual stresses cause ’angulaf or ’ winging ’ distortion around the weld." 

3.2.4 Quantitative knowledge 

This type of knowledge is found in the many mathematical expressions used in 
evaluating distortion, such as the calculation of angular change in a weld: 

4* = 1 + (2ll)/a)(l/C) ’ radians - 

where (j> 0 is the value of angular change in a restraint— free condition. 

3.2.5 Qualitative knowledge 

The application or usefulness of this form of knowledge may be found in the 
design consultant 1 mode where an optimization of the structure’s geometry is desirable 
following unsatisfactory distortion analysis results: "An increase in either heat input or 
free span will increase the tendency for a given plate thickness to buckle during welding. ” 
or ’’The out-of-plane distortion result is inversely related to stiffener spacing in a 
typical stiffened panel structure." 



^lso called DECON, it is one of two primary modules used in DISCON. Refer to 
Chapter 6 for more details. 
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3.2.6 Heuristic knowledge 

It is also referred to as "rule-of-thumb" knowledge and plays a vital role in 
the development of any expert system; its primary role lies in narrowing down the 
search process in the solution space. The distortion domain offers several examples of 
heuristic knowledge. 

On welding under restraint: "It is generally true that a good way to reduce 
distortion and residual stresses is to weld under restraint and then remove the restraint 
after welding is complete." On the clamping method: "Although the clamping method is 
widely used in industry, it does not guarantee reduction of residual distortion." With 
respect to buckling distortion: "In welding thin plate structures of less than 8 mm 
thickness, buckling distortion is likely to occur." With respect to distortion analysis of 
panel structures: "It is generally agreed upon that the ID analysis of angular change in a 
fillet weld of a restrained panel structure provides more accurate results than the existing 
2D model." 

3.2.7 Constraints Knowledge 

These are largely contained in the rules and regulations applicable to 
distortion. 2 In this design, constraints are imposed as allowable deformation values 
(NAVY standards). As an example: "The shrinkage allowance for plates 1/4 to S/8 
inch thickness is 1/32 inch per stiffener (Mild Steel)." [35]. Figure 3.1 illustrates the 
various components which make up the distortion knowledge domain. 

For reasons which will become obvious to the reader (see Chapter 6), there 
exists a hierarchical refinement in the structure of knowledge which further breaks it 
down into smaller components. These are: 

(1) Objects , such as: structure, welding process, pre— weld method; 



2 The structural analysis portion of the overall design also includes constraints. These are 
not discussed in this thesis. 
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Figure 3.1 : Distortion Knowledge Breakdown 
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(2) Attributes which describe the objects, such as: a panel structure is 
composed of stiffeners and a bottom plate; 

(3) Values , attributes may have certain possible values such as: small, thick, 
wide, strong, appropriate; 

(4) Predicate which is the means by which values are related to the 
attributes, such as: is, is not, greater than, less than. 

The section on knowledge representation will discuss this aspect in greater 
detail. There are several other knowledge representation schemes presently available 
and these will be presented as well. 

A necessary step in the development of DISCON is the identification of the 
various sources of knowledge from which knowledge about distortion is derived. Those 
are described in the next section. 

3.3 Sources of the Distortion Knowledge 

We have three main sources of knowledge: literature, experts and examples. 
And there are three different bases of knowledge: scientific laws, experience and 
models. In general, knowledge for our purpose is any information which helps us solve 
problems in the distortion domain. These sources consist of the following. 

3.3.1 Empirical/factual results 

In the case of distortion, this category represents a large portion of our current 
knowledge. Experiments have been conducted over many years under different 
conditions and with different variants. Data on these experiments is almost 
exclusively in the form of tables and graphs. 

Although other sources were consulted [13,36,42], most results were extracted 
from Prof. K. Masubuchi’s book on Analysis of Welded Structures [30]. There are 
several reasons for selecting this document as a primary source of reference. 

• First, it is generally accepted as the most extensive investigative work on 
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this topic. 

• A single reference brings consistency in the knowledge acquisition 
process, and avoids the potential for conflicting knowledge which results 
when consulting with multiple expert sources. "Conflict resolution" in 
expert systems is presently the focus of considerable research. 

• Finally, there is considerable advantage in using a document written by 
an expert who is readily available and willing to participate in the 
development efforts. 

3.3.2 Analytical formulations 

These are at the core of any engineering problem solving environment and 
constitute a primary means of analysis. Although numerous attempts have been made 
to devise comprehensive models for distortion analysis, most have not shown 
satisfactory agreement with experimental results and have consequently not been used 
in DISCON. 

(1) Out-of-plane distortion. Here, the model developed by Masubuchi et 
al. is used because of its simplicity and fair correlation with experimental results on 
stiffened panel structures. Section 2.2.2 presents the elements of that analysis. 

(2) Buckling distortion. As discussed in Section 2.3, a panel structure’s 
sensitivity to buckling distortion involves the consideration of the following key 
parameters: plate thickness, free span between stiffeners and heat input. The 
conditional relationship involving the critical heat input index is used to determine the 
likely occurrence of buckling distortion. This critical heat input is a non— process 
specific heat input and is compared with the actual heat input value to determine the 
occurrence of buckling distortion. 

3.3.3 Heuristics 

This is an important feature of expert systems. Experts do not simply follow 
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a set of rules. They have insight into problems and use their professional judgement. 
The use of heuristics involves the ability to choose a best path from various 
possibilities, using the best stimuli from several available. In the distortion domain, 
these are derived from years of experience in the field by the expert. 

3.3.4 Rules and regulations 

This source of knowledge imposes constraints on the design and distortion 
minimization process. Because this study is largely focused on the application of 
DISCON in the Naval Shipyard environment, the standards used are the NAVY 
standards of allowable deformation. These allowable standards are almost exclusively 
presented in curve form: a sample curve for steel is shown in Figure 3.2. 




Figure 3.2: Permissible Unfairness in Steel Structures 
Specified by the Navy (from NAVSHIPS 0900.060.4010). 



CHAPTER 4. STATEMENT OF NEED 



The previous sections described the distortion problem, the available tools for 
it analysis and the source from which the knowledge is derived. The introduction also 
pointed to the observation that although distortion is a readily known and identifiable 
phenomenon, its understanding by designers and fabrication engineers is limited and 
contributes to distortion— related defects. Furthermore, the expertise in this file lies in 
the minds of a few experts and is generally not easily available to the public. 

Consequently, there is a need for improvement which the author feels should 
be focused in the following areas: how to make the knowledge on distortion more 
available, integration of this knowledge in the design phase of fabrication, and the 
systematization and preservation of that knowledge. 

4.1 Availability 

Experts acquire their expertise over the course of many years. The 
practitioners learn from their experience gained in dealing with different cases, and 
learning patterns and principles which are heuristics or guidelines. These are seldom 
documented. Declarative knowledge (or facts) is relatively easy to acquire; the 
procedural knowledge, or how to use those facts, is far more complex. If the expert’s 
knowledge could be encoded, then many "blueprints" of that knowledge could be made 
available in a short period of time and to a wide range of users (duplication of 
expertise). This process would be similar to the increasing availability of computer 
software over the past ten years. 

4.2 Integration of Distortion in Design 

It is clear that integration of knowledge on distortion early in the design phase 
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of manufacturing is a desirable feature. The designer must consider the "fabrication 
friendliness" of a proposed design in addition to its structural analysis [6]. Ideally, the 
proposed structure would be "tested" for distortion prior to fabrication with the intent 
of resolving potentially inadequate fabrication issues early on. 

An optimum design must take into account structural integrity, welding 
fabrication, structural weight, as well as fabrication cost. As mentioned in Chapter 2, 
the effects of welding distortion on the buckling strength of panel structures are often 
underestimated and can lead to serious defects in the course of a structure’s life cycle, 
the areas of structural analysis and welding engineering are rarely integrated within 
the framework of the overall structural design process. The distortion problem should 
be included in the stress analysis phase of design as well as during the identification of 
failure mechanisms. It is the author’s opinion that the current practice of omission 
leads to an inadequate assessment of the strength capabilities of a welded structure. 

4.3 Systematization and Preservation of Distortion Knowledge 

One of the primary objectives of DISCON will be to systematize and preserve 
the expertise of specialists in this field. Years of experience are required for 
specialization which, if preserved by implementing this knowledge in a 
knowledge— based environment, would allow not only the training of untrained 
personnel to be facilitated, but also the growth of our understanding of distortion to 
expand quickly as new results and analysis tools become available with time (a 
refinement of the stored expertise). Preservation of "Corporate Knowledge" is an 
important issue in any industrial activity or research environment and must be 
facilitated. 

As is shown in the next chapter, expert systems provide a solution to our 



problem and are discussed next. 
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CHAPTER 5. EXPERT SYSTEMS IN STRUCTURAL 
DESIGN AND WELDING 



This chapter introduces the essential concepts of a "new programming 
methodology " 1 known as knowledge based expert systems . 2 Their unique characteristics 
as well as their basic structure are first presented. This is followed by a brief 
discussion of the knowledge acquisition and representation issues which are 
fundamental to the creation of KBES. Finally, a literature survey of their applications 
in the fields of structural design and welding is reviewed. 

5.1 Introduction 

Expert Systems, or KBES, are computer programs using AI techniques to 
assist in solving problems involving knowledge (rather than pure data), heuristics and 
decision-making. These systems produce "intelligent" behavior by operating on the 
knowledge of a human expert in a well defined application domain. KBES have been 
expanding at an accelerated pace in many areas of applications ranging from medical 
diagnosis to engineering design. There are several reasons for this growing interest in 
knowledge— based techniques: 

• The potential expansion of human knowledge by making explicit the 
experiential and judgmental knowledge known to a few "experts" in a 
field; 

• The increasing viability of new areas of computer applications, and the 

L This terminology is borrowed from a conversation with J. Connor, Professor in the Civil 
Engineering Department, MIT. 

2 The abbreviation KBES will be used from now on. 
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increasing power of symbolic inferendng techniques; and 

• The demonstrated potential for enormous cost savings in computation 
and instrumentation by using these methods. 

One of the most common tasks which KBES undertake is that of giving 
advice, or acting as a consultant. This has been particularly so in the case of large 
scale systems such as PROSPECTOR [22], for advising on mineral exploration, 
MYCIN [7], for diagnosing blood diseases, and XCON [47], for advising on the 
configuration of computer systems. 

5.2 Characteristics of KBES 

KBES are useful in handling problems which are ill-structured 3 and can only 
be solved by one’s judgement and experience, rather than by purely algorithmic means. 
The particular knowledge is usually highly specialized and focused on problem solving 
skills in a narrowly defined subject area. 

There are many features of expert systems which distinguish them from other 
programming environments: 

• They are knowledge-intensive programs and, within their field, can 
demonstrate human expertise; 

• They use heuristic, or rule— of— thumb approaches that suggest a 
procedure to solve a problem, acquired through one’s personal experience 
and "know how;" 

• They are programmed in a declarative style rather than procedurally 
constructed as conventional computer programs usually are; 

• The knowledge base of such systems is executable, unlike databases 



3 "I11— structured problems" denote problems without clearly defined algorithmic solutions. 
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which are not; the execution is performed by the inference engine 4 which 
reads statements in the knowledge base and executes them through 
search controlled reasoning mechanisms; 

• The knowledge base is often modular and separate from the control 
mechanism [17], facilitating the additions or deletions to and from the 
knowledge base without the risk of affecting overall performance and 
integrity; 

• The ability to handle uncertainty, although somewhat limited in its 
degree of sophistication, is inherited from the fact that there always 
exists a degree of uncertainty in knowledge. KBES can draw inferences 
based on incomplete or uncertain information. Uncertainty of fact or 
rules are traditionally represented by probabilistic judgement such as 
that provided by the Baysian theory or the Dempster— Shafter theory of 
evidence [4]. As an example, MYCIN and PROSPECTOR state not 
only their conclusions to a particular problem, but also the degree of 
confidence that they attach to these conclusions; 

• Finally, and most important in the performance of consultation 
functions, KBES provide the ability to give explanations, allowing the 
user to challenge and examine the reasoning process underlying the 
system’s answers. 

5.3 Basic Structure 

KBES, to be defined as such, require the following necessary conditions: 

• They must have knowledge; 

• They require a means of handling that knowledge; and 



4 These terms are defined in the following pages. 
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• They must be capable of communicating/interfacing with the user. 

A model of the basic elements of such KBES is shown in Figure 5.1, and it can be seen 
to be comprised of: 

5.3.1. Knowledge base 

A knowledge base, which contains a representation of the knowledge that is 
pertinent to the particular domain. It generally consists of facts and heuristic 
knowledge. The most common formalisms used in knowledge representation are rules, 
frames and semantic networks. It is also desirable, in such applications as designs, to 
have the knowledge base divided into knowledge levels 5 in order to help organize the 
problem solving activities. 

5.3.2. Inference Mechanism 

The inference mechanism, which is the control mechanisms or means by which 
this knowledge is handled and processed. 
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Figure 5.1: Basic Structure of a KBES 



5 DESTINY, a KBES for design of structures is an example of such hierarchial 
representation of knowledge. 



